The liver transcriptomic alterations were characteristic of an anti-oxidative damage response (activation of the Nrf2 pathway) and hepatic toxicity. The top cellular processes in gene ontology (GO) categories altered in livers exposed to DMPT or p-toluidine were used for BMD calculations. The lower confidence bound benchmark doses for these chemicals were 2 mg/kg/day for DMPT and 7 mg/kg/day for p-toluidine. These studies show the promise of using 5-day target organ transcriptomic data to identify chemicalinduced molecular changes that can serve as markers for preliminary toxicity risk assessment.
Introduction
In this study, we profiled the liver toxicity of N, N-dimethylp-toluidine (DMPT) , and a related chemical, p-toluidine, 1 3 after a 5-day exposure. We used the liver transcriptome to provide mechanistic information for understanding DMPT liver toxicity and for benchmark dose (BMD) determinations.
DMPT is a high production volume chemical and is used as an accelerant in methyl methacrylate monomers in medical devices (US Environmental Protection Program 2011). DMPT exposure is of concern because the chemical can leach from medical devices and dental materials (Wang et al. 2013) . The State of California has listed DMPT as a chemical known to cause cancer (Office of Environmental Health Hazard Assessment 2014) based on the results of a 2-year cancer study where liver tumors occurred in both rats and mice and nasal tumors in rats (National Toxicology Program 2012) . p-Toluidine, a chemical used as intermediate in the manufacture of dyes, pesticides and pharmaceutical intermediates, was carcinogenic in mice but not in rats after an 18-month diet exposure study (Weisburger et al. 1978) .
Mechanisms for DMPT and p-toluidine ( Fig. 1 ) liver toxicity may involve oxidative damage and metabolic activation. Both chemicals are known to oxidize hemoglobin to methemoglobin (European Commission 2013; Hazardous Substance Database 2015; National Toxicology Program 2012; Potter et al. 1988 ). The DMPT-induced methemoglobinemia in animals and humans putatively correlates with the formation and redox cycling of p-methylphenylhydroxylamine (Fig. 2) . Phenylhydroxylamine, a similar metabolite of aniline, is a potent inducer of methemoglobinemia in rats (Harrison and Jollow 1987) . The formation of p-methylphenylhydroxylamine in DMPT-treated rats is inferred by the presence of N-methyl-p-toluidine and p-(N-acetylhydroxyamino) hippuric acid in the urine (Kim et al. 2007) . N-hydroxylated arylamines are also capable of covalently binding to hemoglobin and/or DNA (Marques et al. 1997; Pathak et al. 2016) . DNA adduct formation may result in mutations, leading to a carcinogenic response. Further, formation of a reactive imine methide via N-hydroxylation (Fig. 2 ) has been postulated (Dunnick et al. 2014) . Imine methides may react with glutathione, other proteins or nucleic acids (Grillo et al. 2008) . The genotoxic potential of DMPT and p-toluidine appears to be low; both compounds were negative in bacteria mutagenicity tests (European Commission 2013; National Toxicology Program 2012) .
One reported metabolite of p-toluidine in rats is conjugated 2-amino-5-methylphenol excreted in the urine (Cheever et al. 1980) . However, N-hydroxylation of p-toluidine has been described in rat liver microsomal preparations and for o-toluidine in rats (Son et al. 1980; Tyrakowska et al. 1993) . Therefore, it is speculated that saturation of the detoxication mechanism (ring hydroxylation and conjugation) could result in N-hydroxylation of p-toluidine in vivo in the rat, resulting in formation of active/reactive intermediates such as those postulated for DMPT blood and liver toxicity.
In this study, DMPT and p-toluidine liver transcriptomic changes were grouped by cellular process [gene ontology analysis (GO)] and used to calculate a benchmark dose (using BMDExpress) where the risk of disease could increase by 10 % (Thomas et al. 2011; Yang et al. 2007 ).
Methods

Experimental design
N, 120 mg/kg/day/chemical for five consecutive days to male F344/N rats in a volume of 2.5 mL/kg body weight. Male F344/N rats (5 animals/dose level/chemical) were obtained from Taconic Laboratory, Germantown, NY. At the start of the study, the F344/N rats were 5-6 weeks of age and were housed two per cage. Municipal tap water and NTP-2000 diet (Zeigler Brothers, Inc. Gardners, PA) were made available ad libitum. The care of animals in this study was in accordance with the NIH procedures (available online at http://grants.nih.gov/grants/olaw/olaw.htm#pol).
Clinical chemistry
Blood was collected the retroorbital plexus from animals anesthetized with CO 2 and methemoglobin concentration determined by the method of Evelyn and Malloy (1938) . Disodium hydrogen phosphate, potassium dihydrogen phosphate, acetic acid aqueous sodium cyanide and aqueous potassium ferricyanide were purchased from Sigma Chemical Company, St. Louis, MO.
Liver tissue and RNA collection
Rats were euthanized by CO2 gas. The liver was harvested and weighed, and then, a representative section from the midline of the left lateral hepatic lobe was collected and fixed in 10 % neutral buffered formalin for histology. Hematoxylin and eosin (H&E)-stained sections (5 μm) were examined by a board certified pathologist. Three samples (approximately 3-4 mm cubes) were dissected from the remaining left lateral hepatic lobe and flash-frozen in liquid nitrogen and stored at −80 °C until RNA extraction. RNA was extracted from frozen samples using the Invitrogen PureLink Mini kit (Invitrogen cat# 12183-018A, Carlsbad, CA) according to the manufacturer's protocol. RNA concentration and quality were measured on a Bioanalyzer (Agilent Technologies, Santa Clara, CA). Samples were aliquoted and stored at −80 °C until they were analyzed for gene expression studies.
Quantitative real-time PCR
Quantitative gene expression levels were detected using real-time PCR with the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) and TaqMan 3′-Minor groove binder-DNA (MGB) probes (FAM [Fluorescein amidite] dye labeled). Primers and probes for all genes analyzed were purchased from Applied Biosystems Assays-on-Demand Gene Expression products, and the amplification reactions were done according to the manufacturer's protocols. The TaqMan assay IDs for the genes validated by RT-PCR include Rn00755544_m1 (Oat), Rn00682418_m1 (Akr7a3), Rn00566528_m1 (Nqo1), Rn00822100_gH (Gpx2) and Rn02770492_gH (Gstp1). The 18S RNA gene was used as the endogenous control for normalization of initial RNA levels. To determine this normalized value, 2 − (ΔΔC t ) values were compared between treated livers and control livers, where ΔC t (value at which the threshold is crossed) = C t Target gene − C t 18S RNA, and ΔΔC t = ΔC t Treated − ΔC t Control.
Microarray analysis
Gene expression analysis was conducted using Affymetrix Rat Genome 230 2.0 GeneChip ® arrays (Affymetrix, Santa Clara, CA). One hundred nanograms of total RNA was amplified as directed in the Affymetrix 3′ IVT Plus kit protocol. Fifteen micrograms of amplified biotin-aRNAs was fragmented, and 12.5 μg was hybridized to each array for 16 h at 45 °C in a rotating hybridization oven using the Affymetrix Eukaryotic Target Hybridization Controls and protocol. Array slides were stained with streptavidin/phycoerythrin utilizing a double-antibody staining procedure and then washed for antibody amplification according to the GeneChip Hybridization, Wash and Stain Kit and user manual. Arrays were scanned in an Affymetrix Scanner 3000, and data were obtained using the GeneChip ® Command Console and Expression Console Software (AGCC; Version 3.2 and Expression Console; Version 1.2).
Data normalization
Probe intensity data from all Rat Genome 230 version 2 Affymetrix GeneChip ® arrays were read into the R software environment (http://www.R-project.org) directly from CEL files using the R/affy package (Gautier et al. 2004 ). Probe level data quality was assessed using image reconstruction, histograms of raw signal intensities and hierarchical clustering of samples. Normalization was carried out using the robust multi-array average (RMA) method using all probe intensity data sets together (Irizarry et al. 2003) . Briefly, the RMA method adjusts the background of perfect match (PM) probes, applies a quantile normalization of the corrected PM values and calculates final expression measures using the Tukey median polish algorithm. RMA scatterplots were used as an additional quality control measure.
Statistical assessment of differential gene expression
Gene expression between control and treated liver tissues was evaluated for each probe set using a bootstrap t test approach. Pairwise tests were conducted while controlling the false discovery rate (FDR) at the 5 % level (Guo et al. 2010) . All statistical calculations were performed using the ORIOGEN software package with 10,000 bootstrap samples (Peddada et al. 2005) . NextBio analysis was used to identify the most closely related chemicals causing similar gene transcript changes in a large gene expression signature database (Kupershmidt et al. 2010) . Over-represented gene sets were determined from the gene list obtained above by testing for association with gene pathway relationships (www.ingenuity.com). Enrichment of pathway members among differentially expressed probe sets was assessed using the one-tailed Fisher exact test for 2 × 2 contingency tables.
Benchmark dose analysis
The DMPT and p-toluidine transcriptomic data were used to calculate the benchmark dose (BMD) and a statistically lower confidence bound BMD (BMDL) where little response from chemical exposure would be expected (Crump 1995) . BMD and BMDL were calculated for DMPT and p-toluidine using the transcriptomic data and the BMDExpress program (Yang et al. 2007 ). Briefly, BMDExpress (Thomas et al. 2012; Yang et al. 2007 ) was used to calculate reference doses for which GO Biological Process Category pathways (http://geneontology.org/page/ go-enrichment-analysis) were altered based on liver microarray data from DMPT and p-toluidine-exposed animals. All BMD calculations were performed within the BMDExpress framework. First, a classical one-way ANOVA was used to filter the probe list to find transcripts that were altered across dose groups with a false discovery rate threshold of 5 % for statistical significance. Next, BMD statistics were calculated for each probe set. The BMD values were averaged across probe sets to obtain a single value for each Entrez ID when more than one probe set mapped to the same Entrez ID, and the GO analyses were performed on a gene-specific basis; the program returned a range of summary DMPT or p-toluidine levels (mg/kg/day) representing the central tendencies and variability of BMD (chemical exposure level (mg/kg/day) estimated to result in a 10 % extra risk of disease) and BMDL (95 % lower bound on BMD) values.
Results
Survival and body weights
All animals survived the 5-day exposure period. At the end of the 5-day DMPT exposure, body weight gain for the 0, 1, 6, 20, 60 and 120 mg/kg/day was 131, 130, 130, 130, 123* and 119 %*, respectively, and mean liver weight 6.2 ± 0.29, 6.3 ± 0.40, 6.2 ± 0.23, 6.2 ± 0.32, 6.7 ± 0.30 and 7.9* ± 0.37 g (*p < 0.05), respectively. At the end of the 5-day p-toluidine exposure, body weight gain for the 0, 1, 6, 20, 60 and 120 mg/kg/day p-toluidine groups was 127, 133, 138, 133, 125* and 118 %*, respectively, and mean liver weight 6.4 ± 0.42, 5.6 ± 0.42, 5.8 ± 0.28, 5.9 ± 0.31, 6.0 ± 0.37 and 6.8 ± 0.36 g, respectively. Methemoglobin levels were not increased in treated rats (data not shown).
Liver pathology: DMPT
In the liver of DMPT-treated rats, there were increased incidences of individual cell death in the 20, 60 and 120 mg/kg dose groups. Individual cell death was typically observed in the centrilobular to midzonal area, as shrunken, eosinophilic round bodies and cells with brightly eosinophilic cytoplasm and pyknotic, karyorrhectic nuclear debris. Eosinophilic globules were occasionally observed within the cytoplasm of adjacent hepatocytes. Taken together, these changes were suggestive of apoptosis. Grading was based on the number of dead cells observed within each lobule and the number of lobules involved; minimal lesions typically had 3-5 dead cells in about half of the hepatic lobules; mild lesions typically had 5-8 cells with the involvement of most lobules. Two animals in the 60 mg/kg dose group and two animals in the 120 mg/kg dose group had an increase in the number of mitotic figures in the liver. Mitotic figures were common in the control animals due to their young age, and some 20× fields contained 1-3 mitotic figures. In comparison, animals that had minimally increased mitotic figures contained between 3 and 10 mitotic figures per 20× field (Table 1; Fig. 3 ). All lesions observed were considered to be of minimal to mild severity.
Liver pathology: p-toluidine
In the liver of p-toluidine-treated rats, there were increased incidences of individual cell death in the 60 and 120 mg/ kg dose groups. Individual cell death was similar to that observed in animals exposed to DMPT. One animal in the 60 mg/kg dose group and one animal in the 120 mg/kg dose group had a minimal increase in the number of mitotic figures in the liver. Mitotic figures were fairly common in the control animals due to their young age, but the two animals that had minimal increased mitotic figures recorded contained more mitotic figures per 20× field (typically 3-5 or more compared to 1-3 in control animals) ( Table 1 ). All lesions observed were considered to be of minimal to mild severity.
Liver transcript analysis
There were treatment-related increases in the number of significant liver transcripts after DMPT or p-toluidine exposure (Tables 2, 3 ; Supplement 1 and 2; Fig. 4) . Because of variability in the data, the gene list sizes presented in Table 2 summarize the number of changes occurring within a dose group, but cannot be used to quantitatively compare gene expression activity across dose groups. Selected transcript changes were confirmed by RT-PCR analysis for select DMPT transcripts (Table 4) .
There were 2, 28, 176, 125 and 454 altered transcripts corresponding to known genes after DMPT exposure, and 2, 11, 41, 81, 305 altered transcripts corresponding to known genes after p-toluidine exposure, for the 1, 6, 20, 60 and 120 mg/kg groups, respectively ( Table 2 ). The small number of differentially expressed transcripts found at 1 mg/kg could reflect random noise. One hundred and thirty-two of these liver transcripts were common to both DMPT and p-toluidine at 120 mg/kg. The NrF2 antioxidant pathway was common to both chemicals.
The top canonical pathway for hepatic transcript alteration after DMPT or p-toluidine exposure was the Nrf2 pathway (p < 0.001) ( Table 3 ; Supplement 3). While there were no treatment-related liver lesions at 6 mg/kg (with either DMPT or p-toluidine exposure), there were increases in some of these Nrf2 pathway hepatic transcripts (Table 3) .
Transcripts characteristic of xenobiotic and lipid metabolism [the second or third most significant pathway after DMPT or p-toluidine exposure (p < 0.001)] were upregulated after exposure to both chemicals (Table 3 ). In addition, hepatic transcripts related to liver injury and cancer [the top disease pathway (p < 0.001)] were significantly altered after DMPT and p-toluidine exposures. Transcripts for several solute carriers were increased after DMPT or p-toluidine exposure. The increased mitoses in the liver after DMPT and p-toluidine exposures further support the significance of these transcriptomic alterations.
Benchmark dose analysis
There were 2882 significant GO categories with more than 5 significant transcripts for DMPT and 2559 for p-toluidine (Supplement 4 and 5). A GO category with more than 5 significant transcripts after both DMPT and p-toluidine exposure was regulation of fatty acid transport (Table 5 ). Using this GO category, the BMDL (benchmark dose corresponding lower limit of a one-sided 95 % confidence interval) was 2 mg/kg/day for DMPT and 7 mg/kg/day for p-toluidine. Other GO categories (e.g., prostanoid or prostaglandin metabolic process) were significant only for DMPT and gave a DMPT BMDL of 0.5 mg/kg.
Discussion
The 5-day DMPT male rat liver transcriptome is similar to that of the structurally related chemical, p-toluidine, as both show alterations in the Nrf2 antioxidant pathway. These liver transcriptomic patterns provide information for hazard identification and risk assessment using fewer animals and shorter exposure times than traditional toxicity studies, a twenty-first century goal of the NIH Environmental Health Science Programs (Collins et al. 2008) .
After DMPT or p-toluidine exposure there was a minimal to mild hepatotoxicity as demonstrated by increased mitosis and individual cell death (60 and 120 mg/kg). Liver hypertrophy, which occurred after longer-term DMPT exposure (National Toxicology Program 2012), was not present.
DMPT and p-toluidine exposures caused oxidative stress and subsequently methemoglobinemia in rodents after longer-term exposures (European Commission 2013; National Toxicology Program 2012). While methemoglobin formation did not occur in these 5-day DMPT and p-toluidine studies, there was evidence for treatmentrelated redox imbalance in the liver as both DMPT and p-toluidine activated the Nrf2 antioxidant response pathway. Nrf2 is a transcription factor in the cytoplasm and under unstressed conditions is ubiquitinated and degraded by Keap1 and Cullin3. Oxidative stress disrupts the Keap1-Cul3 ubiquitination system and allows cytoplasmic buildup and subsequent nuclear translocation of Nrf2 (Baird et al. 2013 ). In the nucleus, Nrf2 binds to an antioxidant response element (ARE) and activates gene transcription resulting in upregulation of antioxidant genes (Baird et al. 2013 ). The Nrf2 pathway is activated in liver disease in humans and in rodents.
The DMPT and p-toluidine activation of the Nrf2 pathway (Fig. 5 ) occurred both at exposure levels causing liver lesions (60 and 120 mg/kg) and at exposure levels (6 and 20 mg/kg) with no treatment-related liver lesions. For both DMPT and p-toluidine, Nrf2 liver transcripts upregulated included Gpx2, Aox1, Nqo1, Gsr, Akr7a3 and Gstp1. Gpx2 protein, a marker in cancer, can protect against ROS damage (Naiki et al. 2014) . The Aox1 protein is involved in oxidizing aldehydes to the corresponding carboxylic acid (Maeda et al. 2012) ; Nqo1 [NAD(P)H dehydrogenase, quinone 1] plays a role in protection against oxidative stress (Fan et al. 2014) ; Gsr codes for an oxidative defense enzyme (Djordjevic et al. 2015) ; and Akr7a3 protects against antioxidant damage and liver injury from chemicalinduced hepatotoxicity (Ahmed et al. 2011; Bodreddigari et al. 2008 ) as does Gstp1 (Casalino et al. 2007 ). These Nrf2 pathway transcripts are candidate biomarkers for use in toxicity studies.
The upregulation of the Nrf2 antioxidant defense system did not completely prevent DMPT or p-toluidine liver damage (in the 60 and 120 mg/kg groups), and with longerterm chemical exposure, oxidative damage may become more pronounced contributing to the chemical-induced tumors observed in the DMPT 2-year rat and mouse studies (National Toxicology Program 2012) .
Nrf2 antioxidant responses occur after exposure to other liver toxins including aflatoxin (Kensler et al. 2014; Merrick et al. 2012; Singh et al. 2015) and carbon tetrachloride (Chen et al. 2014) and are found in other organ toxicities including in the lung (Cho et al. 2015) and nasal cavity (Dunnick et al. 2015) .
DMPT and p-toluidine exposures caused increased metabolic transcript expression including Ephx1 whose protein (epoxide hydrolase) detoxifies reactive metabolites Fig. 3 Control and DMPT liver lesions. a Centrilobular region of liver from a young, male F344/NTac rat exposed to vehicle control corn oil by gavage for 5 days. There is one mitotic figure (arrow) and no evidence of individual cell death. CV central vein. H&E. b Centrilobular region of liver from a young, male F344/NTac rat exposed to 120 mg/ kg DMPT by gavage for 5 days. There are numerous shrunken, eosinophilic bodies, several of which appear to be in clear vacuoles in the cytoplasm of hepatocytes (arrows). A larger hepatocyte with brightly eosinophilic cytoplasm and karyorrhectic nuclear debris is also present (arrowhead). CV central vein. H&E. Same magnification as Fig. 3a . c Centrilobular region of liver from a young, male F344/NTac rat exposed to 60 mg/kg DMPT by gavage for 5 days. In the centrilobular region, there are numerous mitotic figures present (arrows). CV central vein. H&E. Same magnification as Fig. 3a Table 2 Number of significant liver transcripts significantly altered after 5-day DMPT or p-toluidine exposure a Ingenuity.com (data taken from supplement 1 and 2) (epoxides) by metabolizing them to more soluble and easily excretable metabolites (El-Sherbeni and El-Kadi 2014) ; Crot (carnityl acetyl transferases) whose protein is involved in lipid metabolism and fatty acid beta oxidation and facilitates the transport of fatty acids into the cell (van der Leij et al. 2000) ; and Adhc1 (alcohol dehydrogenase) which can promote oxidation of alcohols to aldehydes (Xue et al. 2012) . These aldehydes may have toxic, mutagenic and/or carcinogenic properties (Seitz and Meier 2007) .
Bolded numbers are significant (FDR < 0.05) DMPT and p-toluidine exposure resulted in alterations of several transcripts that play a role in cancer (e.g., ↑Epcam and Ptgr1 transcripts). Epcam is a transmembrane cell adhesion glycoprotein that is over-expressed in cancer (Fong et al. 2014) , is a biomarker for stem cells (Sulpice et al. 2014 ) and when increased can lead to more invasive properties. Genetic polymorphisms of Epcam influence susceptibility to cancer (Yu et al. 2014) , and blockage of Epcam may provide a possible treatment for cancer (Sulpice et al. 2014) . The Ptgr1 (prostaglandin reductase 1) protein metabolizes and inactivates leukotriene B4 (a metabolite of arachidonic acid) (Zhao et al. 2010 ) and has antioxidant properties (Sanchez-Rodriguez et al. 2014) . Ptgr1 has been used as a biomarker for rodent and human liver cancer pathways (Sanchez-Rodriguez et al. 2014 ). DMPT and p-toluidine decreased Avpr1a (Fernandez-Varo et al. 2016) and Oat expression, and decrease in these transcripts may be a cancer protective response (Zigmond et al. 2015) .
There were more transcript changes characteristic of liver toxicity after DMPT exposure than after p-toluidine exposure. For example, DMPT (but not p-toluidine) downregulated Fhit and Inmt; these transcripts are also downregulated after exposure to other liver carcinogens (Auerbach et al. 2010; Boutros et al. 2011; Merrick et al. 2012; Watson et al. 2014) .
Using the liver transcriptomic response, the BMDL was calculated as 2 mg/kg/day for DMPT and 7 mg/kg/day for p-toluidine based on the gene ontology category of regulation of fatty acid transport. Disruption of fatty acid metabolism can lead to liver disease (Tanaka et al. 2012) . The calculated DMPT BMDL (2 mg/kg) was lower than the lowest dose for carcinogenic activity in rats (20 mg/kg/day) or in mice (6 mg/kg/day) (National Toxicology Program 2012). Using uncertainty factors of 10 for species differences, and 10 for intraspecies differences, a minimal risk level is ~0.02 mg/kg/ day for DMPT and 0.07 mg/kg/day for p-toluidine. 
Conclusion
The liver transcriptomic changes were suitable for use in quantitating liver toxic dose response, providing information to support a hypothesis for oxidative damage as a mechanism for liver toxicity (Dunnick et al. 2014 ) and for providing data for benchmark dose analysis. These studies show the promise of using 5-day rodent toxicity and toxicogenomic studies to calculate disease risk using fewer resources than conventional longer-term toxicity studies. Molecular changes associated with disease are usually precursors to histologic alterations and can occur at lower exposure levels and, thus, aid in providing a conservative estimate of the putative disease risk.
